Introduction
============

The impetus received from graphene research has catapulted interest in two-dimensional (2D) inorganic graphene analogues primarily through the resurgence of materials such as MXenes[@cit1] and transition metal dichalcogenides[@cit2] among others.[@cit3]--[@cit5] A parallel effort has emerged to discern the biological and environmental applications of these 2D materials,[@cit6] for example, the antibacterial activity of MXenes,[@cit7] and bio-sensing properties of MoS~2~.[@cit8] Within the interdisciplinary field of nanomedicine,[@cit9],[@cit10] this advent of 2D nanostructures is expected to supplant other validated nanomaterials that led towards the development of better drugs and devices to improve the sensitivity,[@cit11] early diagnosis,[@cit12] and treatment of fatal diseases like cancer.[@cit13] The limited data on the biological response to 2D-geometry compels researchers to draw parallels with earlier reports on the specific biological responses to graphene. Graphene was able to rupture the bacterial cell membrane and extract the phospholipids,[@cit14] whereby the cell uptake occurs due to spontaneous localized piercing of the membrane at the sheet asperities,[@cit15] facilitated by surface oxygen containing groups enhancing the adsorption of cellular matter.[@cit16] The physico--mechanical interactions of graphene and its inorganic analogues will largely depend on its thickness, lateral dimensions, mechanical properties and surface chemistry such as surface charge and polarity.[@cit6] The unprecedented biomolecular applications of graphene open the door for other 2D analogues such as *h*-BN, C~3~N~4~, silicate clays and layered double hydroxides *etc.* that have far reaching consequences through understanding their ability to penetrate the membrane followed by cellular uptake and extraction of cellular matter.

The 2D-morphology of silica is one such unexplored nanostructure. 2D silica synthesis is challenging due to the lack of chemical/physical exfoliation routes and the spontaneous sharing of oxygen atoms between \[SiO~4~\]^4--^ tetrahedra under ambient conditions to form single/double chain silicates finally leading to the 3D structures,[@cit17] except a few cases where ∼10 nm spherical particles were successfully synthesized.[@cit18]--[@cit20] Silica with cellular toxicity levels above 100 μg mL^--1^,[@cit21],[@cit22] is an automatic choice for molecular delivery of drugs, nucleic acids or proteins.[@cit23]--[@cit26] In this work, ultrathin silica NSs (Si-NS) were prepared by one-step microwave irradiation at 60 °C for 5 min and the NS thickness was varied by self-stacking as a function of time inside the same reaction medium under ambient temperature and pressure. These colloidal NSs can penetrate the cell membrane spontaneously creating membrane pores due to their sharp edge ingress, the extent of which depends on their dimensionality, mode of insertion and surface chemistry. Rupturing of the cancer cell membrane is observed to be more effective in the absence of a surface-conjugated drug and cell damage occurs by mechanical scalpelling. The therapeutic outcome of any drug *i.e.* its transport to the target site, blood circulation and tumor penetration behavior,[@cit27],[@cit28] depends on the size and composition modulations in inorganic nanocarriers,[@cit29]--[@cit31] carbon,[@cit32]--[@cit34] and soft-matter based drug conjugates.[@cit35]--[@cit37] Nonetheless, quite often cancer cells acquire resistance through drug resistant genes leading to various side effects and toxicity to normal cells. Although drug-free, targeted mechanical formulation might be an alternative for improved therapy, mechanical treatments using nano/micro-structures are less common and involve instances such as inducing compressive stress leading to coordinated migration of cancer cells,[@cit38] dissociation of the tumour tissue into single cells by vortexing or pipetting,[@cit39] interference caused by low frequency magnetic fields,[@cit40]--[@cit42] and biomechanical forces.[@cit43] 2D nanomaterials with a large specific surface area are mostly explored in photothermal and photodynamic therapies,[@cit44]--[@cit46] although they are especially attractive in amplifying mechanical forces for cancer therapy.[@cit47] In this regard, Si-NSs have been developed as a remarkable approach for synergistic destruction of tumors in combination with anticancer drugs and/or alone by its scalpelling excellence. Also to the best of our knowledge there is almost no data available regarding the synthesis of non-templated silica NSs in one-step microwave routes and *in silico* study of the interaction of Si-NSs with the cell membrane. Our innovative strategy of mechanical scalpelling the cancer cells is manifested by the destructive NS ingress through limited oxidative stress which offers an unfamiliar route to treat fatal diseases without the necessity of transporting expensive drugs or radiation therapies. This *in vitro* approach offers an *avant-garde* design to particularly treat cancer besides conventional drug delivery, photothermo-chemotherapy and photodynamic therapy.[@cit48]--[@cit50]

Results and discussion
======================

Physicochemical characterization of the NSs
-------------------------------------------

The thinnest unmodified Si-NS (U1) was prepared by microwave irradiation of an alkaline solution of methanolic tetraethyl ortho silicate (TEOS) within 5 min in the presence of a surfactant, cetyltrimethylammonium bromide, CTAB (ESI, Experimental methods, S1[†](#fn1){ref-type="fn"}). The sheet-like morphology of the NSs is evident from the atomic force microscopy (AFM) studies ([Fig. 1a](#fig1){ref-type="fig"}). The 2.9 ± 0.01 nm thick U1 NSs have a lateral span of ∼300 nm. In the high-resolution transmission electron microscope (TEM) image of U1 NSs ([Fig. 1b](#fig1){ref-type="fig"}), an interplanar spacing of 0.43 nm is observed at the NS edges, whereas the representative X-ray diffraction (XRD) pattern in [Fig. 1c](#fig1){ref-type="fig"} shows its amorphous nature. This clearly suggests the presence of crystalline domains within a global amorphous structure of the NSs. Due to the presence of \>N^+^-- groups attached to the NSs from CTAB, the U1 NSs have a positive surface charge of +12.6 mV (Fig. S1[†](#fn1){ref-type="fn"}). The positively charged surface of U1 NSs were further modified with DOX, folic acid and co-modified with DOX-folic acid to give D1, F1 and DF1 NSs, respectively. The loading concentrations of the ligands are ∼375 ng μg~Si-NS~^--1^ folic acid in F1 NSs, ∼285 ng μg~Si-NS~^--1^ DOX in D1 NSs, and ∼347 ng μg~Si-NS~^--1^ folic acid and ∼335 ng μg~Si-NS~^--1^ DOX in DF1 NSs (Table S1[†](#fn1){ref-type="fn"}). These different functionalization processes expectedly alter the topological features of the NSs ([Fig. 1b](#fig1){ref-type="fig"}) as well as increase the overall NS thickness (Fig. S2[†](#fn1){ref-type="fn"}), keeping the lateral dimensions mostly unaffected. The thickness of the U1 NSs increases from 2.9 ± 0.01 nm to 8.5 ± 0.04 nm for D1, 5.3 ± 0.5 nm for F1 and 7.2 ± 0.3 nm for DF1 NSs. The loaded drug can be clearly visualized from the roughness of the NS surface in the TEM images of D1 and DF1 ([Fig. 1b](#fig1){ref-type="fig"}).

![Topological characterization of the NSs. (a) AFM topographic images and the height profiles of U1--U7. All axis labels are in nm. Average height/*lateral dimensions* are U1: 2.9 ± 0.01 nm/*300 nm*, U3: 5.0 ± 0.03 nm/*190 nm*, U5: 7.0 ± 0.02 nm/*270 nm* and U7: 11.1 ± 0.01 nm/*150 nm*. (b) TEM images of U1, F1, D1 and DF1 NSs. The surface roughness in D1 and DF1 pertains to the chemical modifications. (c) XRD pattern of U1 NSs.](c9sc00076c-f1){#fig1}

While the dimensions of U1 NSs could be stabilized by dispersing them in fresh methanol under vacuum, the colloidal NSs were allowed to stack and grow in thickness over days inside the parent reaction medium under ambient conditions to understand the impact of NS thickness on cell membrane. The NSs collected after 3, 5 and 7 days are coded as U3, U5 and U7, respectively, and similarly the DOX modified NSs are named as D3, D5 and D7, folic acid modified NSs as F3, F5 and F7 and the DOX-folic acid co-modified NSs as DF3, DF5 and DF7, respectively. The stacking-induced aggregation of the NSs causes an indiscriminate heterogeneity of the lateral dimensions, as revealed from the AFM images in [Fig. 1a](#fig1){ref-type="fig"} and the TEM image of U3 NSs (Fig. S3[†](#fn1){ref-type="fn"}). However this spontaneous growth does not alter the chemical functionalities of the NSs (Fig. S4[†](#fn1){ref-type="fn"}). In U3, the thickness increases by 73% to 5.0 ± 0.03 nm whereas those of U5 and U7 are 7.0 ± 0.02 and 11.1 ± 0.01 nm, respectively ([Fig. 1a](#fig1){ref-type="fig"}). The average lateral dimension varies as 300, 190, 270 and 150 nm for U1, U3, U5 and U7 NSs, respectively. The high-angle annular dark-field scanning TEM (HAADF-STEM) image of a representative U3 NS and the corresponding energy dispersive X-ray spectrum (EDS) mapping show the exclusive presence of Si and O within the NS area (Fig. S5[†](#fn1){ref-type="fn"}). With increasing thickness and thereby with decreasing surface area of the thicker NSs, the zeta potential decreases as ∼10, 9.9 and 8.3 mV for U3, U5 and U7 NSs, respectively (Fig. S1[†](#fn1){ref-type="fn"}).

NS ingress
----------

The efficacy of the improvised cellular internalization of these NSs, tested with 5 ng mL^--1^ NS concentration in each case, was monitored by their relative incorporation inside a HeLa cell after 24 h treatment, measured by inductively coupled mass spectrometry (ICP-MS, Fig. S6[†](#fn1){ref-type="fn"}). The temporal incorporation of U1 NSs inside the HeLa cells was manifested by the quantitative estimation of Si wt% from EDS analyses in the field emission scanning electron microscope (FESEM) instrument. While the untreated cells contain 20.6 wt% Si, the U1 NS treated cells contain 24.8, 31.1 and 37.5 wt% Si, after treatment for 2, 4 and 8 h, respectively (Fig. S7[†](#fn1){ref-type="fn"}). From ICP-MS measurements, F1 shows the highest potency to penetrate the cell membrane. Folic acid receptors are highly expressed and abundant in numerous cancers including cervical cancer cells.[@cit51] The highest uptake occurs with the thinnest F1 NSs and with increasing thickness the uptake decreases, a trend demonstrated also by other nano-constructions, U/D/DF. The lower penetration of the DF series of NSs is noteworthy. During co-modification of DOX and folic acid, both the ligands compete for the space available on the NS surface which leads to relatively lower folic acid loading. In the absence of folic acid modification, the unmodified U1--U7 and DOX modified D1--D7 NSs demonstrate moderate uptake inside the cells. Clearly, the whole mechanism of internalization depends on various environmental factors such as the pH and medium complexity, and cannot be exclusively associated with receptor-mediated uptake such as folate receptors or in the extended case of DOX.

The NS treated cells were studied by FESEM as shown in [Fig. 2](#fig2){ref-type="fig"}. The membrane deformation in each treated cell suggests that the NSs have a cell killing potency, the degree of which and the type of membrane deformation varies with the thickness and surface modification of the NSs. The number of dead cells is higher with U1 ([Fig. 2](#fig2){ref-type="fig"}) over U3--U7 NSs (Fig. S8[†](#fn1){ref-type="fn"}) where with increasing NS thickness, the ratio of spindle to spherically distorted cells decreases. Since this group of NSs differs only in their relative thickness without any chemical modification or drugs, it is evident that killing of the cells occurs through membrane rupture by the sharp edge ingress of the NSs. The most striking finding is the formation of pores in the cell membrane at the sites of NS entry. The pore diameter increases steadily as 193 ± 27, 383 ± 38, 521 ± 63 and 801 ± 73 nm by treating the HeLa cells with U1, U3, U5 and U7, respectively. Distinct nuclear degranulation and formation of membrane pores are also observed by epifluorescence microscopy with U1 NS treated HeLa cells for 8 h (Fig. S9[†](#fn1){ref-type="fn"}). The unmatched membrane pore size and NS dimensions implies varying NS orientations during cell membrane internalization and the heterogeneity of NS lateral dimensions. Although not as distinct, the rarely observed externally stimulated membrane pores were previously induced by antibiotics such as polymyxins,[@cit52] and toxins belonging to the exotoxin group.[@cit53] The F1 NSs increase the membrane perforations notably in the absence of any loaded drug whereas with D1 NSs extensive membrane blebbing is observed, which is a signature marker of apoptotic cells. In the presence of DOX, significant generation of reactive oxygen species (ROS) pushes the cancerous cells to bleb and to choose the apoptotic path. Folic acid\'s intrinsic antioxidant property,[@cit54] reduces the production of ROS and helps to avoid membrane blebbing. Also, since folic acid is a cancer targeting molecule, it helps Si-NSs to enter the HeLa cells with higher efficiencies. Treatment with DF1 NSs has a moderate effect on the cells as is evident from the extent of pore formation and membrane blebbing. With progressively thicker NSs, the membrane perforations decrease within the respective D/F/DF groups (Fig. S8[†](#fn1){ref-type="fn"}). Here too, the extent of membrane blebbing decreases from D1 to D7.

![FESEM images of cell membranes exposed to the thinnest NSs with different formulations. The upper insets show the magnified cells and the lower insets represent their surfaces. The pores created by the NS ingress can be visualized by the darker contrasts in the lower insets.](c9sc00076c-f2){#fig2}

MD simulations ([Fig. 3](#fig3){ref-type="fig"}) were employed to mechanistically investigate the molecular level interactions. The all atomistic MD simulation was carried out using the Nanoscale Molecular Dynamics (NAMD) program,[@cit55] and visualized in the Visual Molecular Dynamics (VMD) software package,[@cit56] where all the unbiased atomistic simulations were performed with a model cell membrane composed of 1-palmitoyl-2-oleoyl-*sn*-glycero-3-phosphocholine (POPC) which is one of the important phospholipids found in eukaryotic cell membranes. Spontaneous piercing is notable when Si-NSs are placed in a vertical orientation with respect to the cell membrane.[@cit14],[@cit15] The NSs extensively damage the cell membrane and amply extract the phospholipids, which eventually damage the cells at the point of NS ingression. In reality, the cellular environment is not only composed of water, but also a mix of different ions, proteins *etc.*, thus making the system extremely complex to replicate in the simulation. In our simulation procedure, the amount of water molecules is minimized by only stabilizing the membrane while keeping Si-NS flexible. Initial forceful insertion of the NSs within the membrane is observed and this step of penetration helps to overcome the energy barrier of penetration during which the NS-ingress breaks the weak intermolecular bonds that hold the POPC molecules together. The NSs are progressively trapped within the membrane due to strong short-range van der Waals attractions along with hydrophobic interaction between the NS and the membrane. During the course of penetration without any back and forth swinging motion of the NSs, the phospholipids of the membrane are extracted vigorously on the NS surface and are left behind in the environment or on the exposed NS surface. This *scalpel* effect leads to a dramatic change in the membrane bilayers and it leaves the membrane surface distorted and unstable.

![(Left panel) MD simulated insertion profiles of the U1 NSs in vertical (U1), horizontal (U1-H) and diagonal (U1-D) configurations, docked at the outer leaf of the phospholipid bilayer (POPC) and its extraction. The snapshot times are indicated in the respective panels. Atomic color code representation is as follows: cyan (carbon), white (hydrogen), red (oxygen), dark blue (nitrogen), orange (phosphorous), red-white (water molecules) and yellow (silicon). The NSs are shown to be crystalline as yellow-red sheets. (Top right panel) van der Waals interaction energy and (bottom right panel) total energy as a function of time for interactions between the unmodified U1--U7 NSs and the cell membrane. On average, 100 ps is the insertion time of the NS. In the NSs, the numbers of atoms are 2400--9600, and the dimension along the *x*-axis is ∼110 Å, the *y*-axis is ∼50 Å and varies between 4--33 Å along the *z*-axis. The number of atoms in the blue coloured POPC membrane is 117 440, and the dimension of the membrane along the *x* and *y* axes is ∼100 Å and along the *z*-axis is ∼50 Å. The energy minimization is carried out with 100 000 steps and the MD simulation is performed with 300 000 steps.](c9sc00076c-f3){#fig3}

The simulation results show that the van der Waals force is stabilized for an initial period of 100 ps and after this stabilization period, the NSs proceed through the insertion-cum-extraction period ([Fig. 3](#fig3){ref-type="fig"}, right top panel). The initial NS-POPC interaction profile is associated with the expected preparatory step of the NS-membrane interaction. During penetration inside the membrane, a thicker NS shows a steady increase in the van der Waals force due to a higher number of interacting atoms, whereas the U1 NS shows a significant gradual decrease providing the highest NS-membrane interaction. The diagonal orientation of U1 has a higher van der Waals force than the vertical orientation, due to a lengthened interaction though the NS corner during the first 200 ps of piercing the POPC membrane. Once the NS is fully inserted, the diagonal insertion equals the vertical orientation before the NS is engulfed within the cellular environment. It is also perceptible, that in spite of having a large number of interacting atoms in the horizontal configuration of U1, the van der Waals interaction energy remains the lowest probably due to its easier engulfment rather than piercing the membrane through a sharp edge ingress. In fact, the vertical orientation of U1 is more privileged over the other two configurations in terms of penetration capability. From the overall van dar Waals interaction energy profiles, it is clearly evident that all the U1 NSs primarily follow an attractive force towards the cell membrane, and after reaching an energy plateau, the NSs continue their penetration inside the cell. On the other hand, with the thicker NSs (especially U5 and U7), the van dar Waals interaction energy becomes repulsive from the onset of membrane interaction. The total energy consisting of molecular potential energy, including van der Waals force and kinetic energy, follows a different pattern as a function of membrane interaction time ([Fig. 3](#fig3){ref-type="fig"}, right bottom panel). The total energy profile of the thicker NSs, U3--U7, dips more as compared to U1, since kinetic energy of the thicker NSs is extremely low which also reduces their penetration capability. Also the requirement of a longer time for U3--U7 NSs to reach the energy plateau indicates their less preferential interaction. In spite of being kinetically slow, the thicker NSs have a greater chance to become entrapped within the membrane due to the higher number of individual atomic interactions and decreasing kinetic energy of the NSs which is evident from the total energy and van der Waals interaction energy profiles. The horizontal orientation of U1 involves a large number of interacting atoms, which also reduces their kinetics in comparison to the vertical or diagonal orientation of U1 NSs.

A thorough agreement between the MD simulation ([Fig. 3](#fig3){ref-type="fig"}) and the microscopic images ([Fig. 2](#fig2){ref-type="fig"}) clearly suggests that the prospects of sharp edge ingress largely depend on the orientation and thickness of the NSs, as well as their surface chemistry. As expected the piercing capability of the NSs is directly proportional to their 'thinness' ([Fig. 3](#fig3){ref-type="fig"} and S10[†](#fn1){ref-type="fn"}). The point of contact between a thinner NS (U1) and the membrane is smaller and the tiny imperfections at the NS edge aids the scalpelling effect, superior to that with thicker NSs (U3--U7) where additional pressure is required for their forceful insertion. Another interesting feature of the unbiased MD simulation is the tilting of slender U1 NSs on the vertical axis during insertion. The slender NSs have a higher degree of tilting over the time period of simulation due to their flexibility which also manifests their greater tendency to interact with the membrane (Fig. S11[†](#fn1){ref-type="fn"}). The thicker NSs are tilted to a lower degree of freedom due to the rigidity of their structure and as a consequence the kinetics of penetration inside the cell membrane becomes affected. The MD simulated preferred orientation and tilting of the NSs can be further manifested by the ESI Movie files (Discussion S2[†](#fn1){ref-type="fn"}).

Rupturing of cancer cell membrane and cell death
------------------------------------------------

Cancer cell death by scalpelling and cell membrane perforations was confirmed by co-staining the HeLa cells with Hoechst and propidium iodide (PI) (Fig. S12[†](#fn1){ref-type="fn"}). The fluorescence detection by Hoechst--PI double stain provides an apoptosis assay whereby the blue-emitting Hoechst dye stains the apoptotic cells brighter than normal cells and red-emitting PI permeates only into dead cells, and hence the relative populations of apoptotic and dead cells can be detected against the normal cancer cells. Comparative analysis of the Hoechst and PI intensities in the treated cells suggests that the population of live cells is the least with F1--F7 NSs and the thinnest possible NSs are most proficient in cancer cell death within their respective functionalized groups of U/D/F/DF NSs. The penetration of the silica NSs leads to mechanical as well as chemical stress to the cell and causes fragmentation of DNA. The presence of folic acid on the NS surface unmistakably enhances the DNA breakage, be it only for F1 or DF1 as evidenced by the terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay followed by fluorescence microscopy ([Fig. 4](#fig4){ref-type="fig"} and S13[†](#fn1){ref-type="fn"}) and DNA isolation followed by agarose gel electrophoresis (Fig. S14[†](#fn1){ref-type="fn"}). Since the TUNEL assay detects endogenous DNA damage and labels apoptotic cells on a single-cell level, it is considered more sensitive than the classical genomic DNA ladder test for DNA fragmentation analysis. In [Fig. 4](#fig4){ref-type="fig"}, the striking mechanical and chemical stress exerted by the thinnest NSs on the extent of DNA nicking is clearly evident. The binary influence of the sharp edge and the presence of folic acid ensures the maximum impact of F1 NSs in comparison to D1/DF1. In this context, D1 NSs act as a control to investigate the consequences of folic acid modification. With increasing NS thickness in each group, the intensity of green emission decreases, indicative of lower DNA shear through lesser invasion capability (Fig. S13[†](#fn1){ref-type="fn"}).

![TUNEL assay of the treated HeLa cells showing the effect of the thinnest NS formulations. The higher the fluorescent intensity, the higher the extent of DNA breakage. DNA damage is the highest with F1 NSs, demonstrating the synergistic action of thinness and folic acid modification.](c9sc00076c-f4){#fig4}

Due to spontaneous ingress of the NSs in both healthy and cancer cells, exclusive targeting could not be achieved with either U1 or F1 NSs. A solution to this anonymous scalpelling is achieved by binding the \>N^+^-- groups on the U1 NS surface with the carboxylic acid groups of the heavy chain C-termini of a primary antibody, anti-ST6GALNAC1, which binds specifically to the ST6GALNAC1 protein (Fig. S15[†](#fn1){ref-type="fn"}). The presence of a targeting antibody on the NS surface exclusively kills the cancer cells with over-expressed ST6GALNAC1 protein ([Fig. 5](#fig5){ref-type="fig"}).[@cit44] Normal HEK-293 cells show a minimal deleterious effect in the presence of antibody conjugated NSs (U1+A) when compared to the higher fluorescence of DAPI in HeLa cells showing a better efficiency of cell damage. Low expressions of the same protein in normal HEK-293 cells exclude the antibody conjugated NSs to validate targeted killing efficacy. The entry mechanism of U1 and antibody modified NSs do not entirely follow the same pattern. Since the antibody plays the role of a guide to target the cancer cells efficiently, the receptor mediated endocytosis may be enhanced in the presence of such an active targeting molecule. However, after getting endocytosed, the antibody attached to the surface of the NS is likely to be denatured by various biochemical pathways and this 'naked' NS is expected to behave in the same way as that of U1 NSs.

![Targeted killing of cancer cells by the silica NSs. C denotes the untreated control cells. U1 denotes the unmodified day-1 NSs, which show similar efficacy for killing both the HEK-293 and HeLa cells. U1+A shows the cells treated with antibody modified NSs demonstrating high selectivity in killing the HeLa cells.](c9sc00076c-f5){#fig5}

The modus operandi of *in vitro* cancer cell death by our nano-constructions is elucidated with the help of flow cytometric analysis, performed for three major parameters of a dying cell due to external stimuli, *viz*. ROS generation, amount of live and dead cell assay and cell cycle analysis. It is expected that Si-NS should kill cancer cells by high intracellular ROS generation, as ROS signaling intermediates are convoluted in the signal transduction pathway of apoptosis. Interestingly it is observed that ROS does not play a vital role in this mechanical treatment. As previously demonstrated, the highest cellular uptake occurs with folic acid modified NSs (Fig. S6[†](#fn1){ref-type="fn"}) and even though folic acid attenuates the sub-cellular ROS levels, ROS generation should have been the highest through interaction with this group due to a prominent mechanical oxidative stress. Hierarchical cluster analysis suggests that the ROS+cell percentage is the least for F1 ([Fig. 6a](#fig6){ref-type="fig"}) and F3--F7 among the thicker NSs (Fig. S16[†](#fn1){ref-type="fn"}). The most effective folic acid modification assists exclusive clustering with negative control of the experiment corresponding to the lowest ROS. On the contrary, U1 and D1 NSs show a comparatively large percentage of ROS+cells. Since U1 NSs provide a higher amount of mechanical shock due to their higher penetration capability they even create a higher amount of ROS with respect to the positive control, *i.e.* H~2~O~2~. As expected, in each functionalized group, the thinner the NSs the higher the mechanical stress that increases the ROS level within the treated HeLa cells (Fig. S16[†](#fn1){ref-type="fn"}). Because of this unique method of killing the cancer cells by mechanical shock, the conclusions drawn from a typical MTT assay (Fig. S17[†](#fn1){ref-type="fn"}) might be misleading, since it relies on the conventional biochemical pathway. Nevertheless, the MTT assay expectedly shows the least cell viability with F1 NSs because of their maximum incorporation inside the cells.

![(a) Typical flow cytometric data of ROS generation inside the HeLa cells after treatment with U1, D1, F1 and DF1 NSs. The control group (left panel) consists of the positive control (blue), *i.e.* the cells treated with H~2~O~2~, and the negative control (red) is without any treatment. The table shows ROS generation with different formulations and the attenuation of the sub-cellular ROS level by folic acid modified cells. (b) Live cell percentages after the insertion of the thinnest NSs obtained from annexin-PI staining followed by flow cytometric analysis on treated cells. In all cases, Q1, Q2, Q3 and Q4 represent the necrotic, late apoptotic, early apoptotic and live cell percentages, respectively. PI-area (*y*-axis) is plotted against annexin-area (FITC-A) (*x*-axis). The table shows the percentage of live cells after treatment with differently formulated NSs.](c9sc00076c-f6){#fig6}

The treated samples were also analyzed for the post-treatment live cell percentage ([Fig. 6b](#fig6){ref-type="fig"} and S18[†](#fn1){ref-type="fn"}). It might be expected that as folic acid prevents the formation of ROS, it will leave a higher percentage of live cell population post treatment in spite of better targeting the acidic environment of cancer. However, the percentage of live cells is the lowest for F1 NS treated samples, killing ∼93% of cancer cells in 16 h ([Fig. 6b](#fig6){ref-type="fig"}), also reiterating the ICP-MS data (Fig. S6[†](#fn1){ref-type="fn"}). The least live cell count is in the samples treated with the thinnest NSs in each functionalized group (Fig. S18[†](#fn1){ref-type="fn"}). Hierarchical clustering shows that the DF NSs with surface attached DOX generating moderate ROS+cells, have the lowest impact on the cancer cell (Fig. S18[†](#fn1){ref-type="fn"}). This validates our claim that the dimensionality of the NSs plays a major role and efficient cancer cell death is possible even in the absence of an anticancer drug. The above experimental results show evidence of a vital *scalpel* effect of the NSs and the secondary role of DOX and ROS generation in cancer cell death. With all the NS constructions, most of the cell population shifts to Q2 ([Fig. 6b](#fig6){ref-type="fig"} and S18[†](#fn1){ref-type="fn"}), indicating the cells undergoing a late apoptosis phase. Moreover, the NSs with different thickness and surface modifications have a negligible effect on the cell cycle blocking (Fig. S19[†](#fn1){ref-type="fn"}). The cells are observed to be increasingly stalled at the sub G0--G1 phase when compared to the control and this blockage of cell cycle at sub G0--G1 is a signature of late apoptosis and significant DNA breakage,[@cit57],[@cit58] as evidenced earlier from classical DNA ladder experiment and the TUNEL assay. The least cell cycle blocking is observed with F1--F7 NSs which have the maximum effect on the sub G0--G1 phase due to reduced ROS production.

Conclusions
===========

In summary, microwave synthesized silica NSs were employed for the mechanical treatment of cancer cells where the ingression through membrane perforation depends on the thickness of the NSs, their surface functionalization and the mode of interaction with the cell membrane. Self-stacking of the NSs reduces their efficiency at penetrating the cell membrane during their co-culturing with HeLa cells. Folic acid modified NSs had a riveting tendency to penetrate the cell membrane, whereas co-modification with DOX reduced their capability. The higher insertion capability of F1 NSs is caused by their thinness and the extent of folic acid on the NS surface that target the cancer cells. However, exclusive cancer cell targeting was achieved only by the conjugation of an antibody to the NS surface, whereafter the healthy cells were negligibly affected. MD simulations support the superior insertion of the thinnest NSs in a vertical orientation as compared to diagonal or horizontal configurations. The cellular environment engulfs the inserted NSs and cell death occurs primarily through apoptosis. The extraordinary phenomenon of cancer cell death can only be attributed to the nanoscale dimension of the 2D NSs that cut the cell membrane barrier with high competence and destroy the genetic material, as observed in DNA breakage experiments. This is the first demonstration of cancer cell death by scalpelling with 'thin' inorganic NSs without the need for drug molecules or photodynamic therapies. The strategy can be extended to 2D structures of other biocompatible materials and the cell rupturing will be contingent on suitable surface modification with targeting molecules. Our *in vitro* findings on cancer cell rupturing by Si-NSs may offer the better design of inorganic 2D structure-based *scalpels* for mechanical interactions with cell membranes for several biomedical applications.
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